Electronic excited states, electronic absorption, and magnetic circular dichroism ͑MCD͒ spectra of free-base tetraazaporphyrin ͑TAP͒, phthalocyanine ͑Pc͒, naphthalocyanine ͑Nc͒, and anthracocyanine ͑Ac͒ were studied by quantum chemical calculations using the symmetry-adapted cluster-configuration interaction ͑SAC-CI͒ method. Not only optically allowed states including the Q-and B-bands but also optically forbidden states were calculated for transitions whose excitation energies were lower than 4.5 eV. The present SAC-CI calculations consistently assigned the absorption and MCD peaks as optically allowed → ‫ء‬ excitations, although these calculations using double-zeta basis limit quantitative agreement and discussion. For Nc and Ac, excited states beyond the four-orbital model appeared in the low-energy region. The low-energy shifts of the Q-bands with the extension of molecular size were explained by the orbital energies. The splitting of the Q-bands decreases with extension of the molecular size. This feature was reproduced by the SAC-CI calculations but the configuration interaction with single excitations and time-dependent density functional theory calculations failed to reproduce this trend. Electron correlation in the excited states is important in reproducing this splitting of the Q-bands and in describing the energy difference between the B 2u and B 3u states of free-base porphyrins.
I. INTRODUCTION
Electronic excitations of porphyrin congeners are being actively studied because their optical properties are important in physics, chemistry, biology, industry, and many other fields. On the subject of their excited states, porphyrins show characteristic photoabsorption in the near-UV ͑ultraviolet͒ and in the visible regions. An intense band, called a B-or Soret band, is observed usually around 3 eV ͑400 nm͒ of excitation energy. Several weak absorptions arising from Q-bands are observed usually in the region 2.5-1.8 eV ͑500-700 nm͒. Actual absorption energies, intensities, number of bands, and band profiles strongly depend on chemical substitutions and modifications at the ␤-and mesopositions, and the coordination of metals. Indeed, tuning the absorption characters by chemical techniques is one of the major subjects of porphyrin chemistry. In this study, we focus on rather standard tetraazaporphyrins ͑TAPs͒ ͑also known as porphyrazines͒ and their congeners that are sequentially extended by addition of fused benzene rings such as phthalocyanine.
TAP is a compound that is derived by the introduction of nitrogen at the four mesopositions of the porphyrin basic skeleton ͑named as porphin͒. 1, 2 What makes this compound so attractive is the high intensity of its Q-bands. The weak intensity of the Q-bands in unmodified porphin is explained by the cancellation of transition dipole moments between the transition from the highest occupied molecular orbital ͑HOMO͒ and the next-HOMO. Replacement at the mesopositions by nitrogen stabilizes the orbital energy of the next-HOMO and breaks the balance between those two transitions. 1, 3 Consequently, the Q-bands of TAP in the visible region have high intensity, therefore TAP is regarded as an important fundamental material of dyes and pigments. 1, 2 Phthalocyanines ͑Pc͒ are important derivatives of TAP that are widely used as chromophores and other materials in many fields. There have been many theoretical studies on the excited states of porphyrins because of their scientific and practical importance. The fundamental interpretation of the porphin UV-vis spectrum is based on Gouterman's four-orbital model, which explains the Q-and B-bands in terms of electron transitions between the two HOMOs and two lowest unoccupied molecular orbitals ͑LUMOs͒. 4 Although the four-orbital model is helpful for qualitative understanding of the spectra and optical properties, ab initio calculations are necessary for qualitative predictions of more general porphyrins containing various substituents. Such reliable calculations may elucidate mechanisms of photophysical and photochemical phenomena related to porphyrins. However, there have not been many studies using high-level ab initio calculations on excited states of porphyrins because they are large for high-level wave function theories for excited states. For free-base porphin, the excited states calculation using symmetry-adapted cluster-configuration interaction ͑SAC-CI͒ have been first reported. 5 Then the calculations using equation-of-motion coupled-cluster ͑EOM-CC͒, 6 complete active-space second-order perturbation theory ͑CASPT2͒, 7 and multireference Møller-Plesset theory ͑MRMP͒ ͑Ref. 8͒ have been reported. Density functional theory ͑DFT͒, which is extensively applied to large-scale calculations, seems to still have problems with excited states of such extended systems when using standard functionals. 9 We studied theoretically the electronic excited states and UV-vis spectra of TAP ͑Ref. 3͒ and Pc ͑Ref. 10͒ by the SAC-CI method in 1996 and 1997, respectively. In those studies, we analyzed and assigned the peaks of spectra based on the ab initio SAC-CI calculations and proposed orbital pictures and mechanisms for the electron transitions. The SAC-CI method considers electron correlation by the cluster expansion and electron excitations are described by the configuration interaction formula as an eigenvalue problem. 11 The method can describe the ground and excited states in compact and well-balanced form; moreover, the theory is size-consistent. 12 Therefore, the method can be safely applied to -electron excitations in large systems such as porphyrins. To execute practical calculations on large molecules, the SAC-CI program can use a perturbation-selection technique, in which computational dimensions can be reduced by neglecting less important configurations. 13 One can manage the accuracy of the calculations, computer resources, and computational time by setting appropriate selection thresholds. This study can be regarded as one recent progress in those series of SAC-CI studies on TAP, Pc, and other azaporphyrins. 14 Recently, a series of TAP congeners were synthesized and their UV-vis and magnetic circular dichroism ͑MCD͒ spectra were measured by Kobayashi's group. 2, [15] [16] [17] [18] In particular they studied 16 the properties of TAP, Pc, naphthalocyanine ͑Nc͒, and anthracocyanine ͑Ac͒ ͑it is also called anthracyanine͒; those compounds may be classified as a series of TAP derivatives in which -systems are extended by the sequential addition of fused benzene rings. They discussed the relations between properties and molecular sizes for freebase ͑metal free͒ and some metal compounds. Bathochromic shifts ͑redshifts͒ of the Q-bands were observed in accordance with the extension of molecular sizes; however, the degree of the shifts was suppressed. An interesting feature of this series of free-base compounds is that the splitting of the Q-bands decreases with increasing molecular size. As a result, the Q-bands of free-base Nc ͑H 2 Nc͒ and free-base Ac ͑H 2 Ac͒ appeared as a single band in the UV-vis spectra, while the splitting was observed for free-base TAP ͑H 2 TAP͒ and freebase Pc ͑H 2 Pc͒. In the B-band region, the MCD spectra provided valuable insight into the nature of the broad absorptions by resolving them into positive and negative MCD signals.
The observed trend for the splitting of the Q-bands could not be explained by the Zerner's intermediate neglect of differential overlap ͑ZINDO͒ calculation 16 and time-dependent DFT ͑TDDFT͒ study, 19 whereas these methods well reproduced the redshifts of the Q-bands. 16, 18, 19 Kobayashi et al. supposed that this splitting of the Q-bands in free-base compounds may be explained by a splitting of the LUMOs. 16 However, this assumption seems to be contradicted by the TDDFT results. 19 Further theoretical studies are required to elucidate the reason for the decrease in the splitting of the Q-bands. These experimental findings then motivated us to study this series of TAP compounds using the SAC-CI method.
In this study, we investigated the electronic excited states of H 2 TAP, H 2 Pc, H 2 Nc, and H 2 Ac by ab initio quantum chemical calculations using the SAC-CI method. For these compounds we gave assignments for the observed UV-vis and MCD spectra based on the SAC-CI calculations. The deviations were about 0.3 eV between the present SAC-CI with D95 basis calculations and the observed UV-vis/MCD peaks; they seem to be reasonable errors for such large molecules. We showed that the calculation results can be improved by augmentation of the polarization functions if enough computer resources are available. We also calculated optically forbidden states because they are important in designing related molecules and molecular systems. 1, 2, 20 It is interesting to compare the nature of the excited states among a series of compounds. To elucidate the correlations of each excited state between a series of compounds is important not only in terms of scientific interests but also for applications in molecular design. For this purpose, excited states were analyzed in terms of the MO character. In H 2 Nc and H 2 Ac, several low-lying → ‫ء‬ excitations that are not covered by the four-orbital model were calculated. For H 2 Ac such states were calculated and observed between the Q-and B-bands. These states had been suggested by the ZINDO calculations 16 and the present study is the first ab initio calculations for the excited states of Nc and Ac beyond the Q-bands.
The present SAC-CI and perturbative doubles correction for configuration interaction with single excitations ͓CIS͑D͔͒ calculations could explain the experimental trend in the splitting of the Q-bands that could not be explained by the orbital energy levels and CIS. The standard TDDFT calculations failed to reproduce that experimental trend. The long-range correction ͑LC͒ ͑Ref. 21͒ significantly revised the excitation energies calculated by TDDFT; however, the effect was not enough to explain the experimental findings. The present results suggest that dynamic electron correlation is essential to explain the relative excitation energies of the Q x -and Q y -bands for free-base compounds. The energy difference of these two states is caused by the inner hydrogens, which break the D 4h point group symmetry and degeneracy of the LUMOs. There are two types of interactions in these states: proton-proton interaction and electron-electron interaction in the lone pairs. Dynamic electron correlation is significant for lone pairs and proton-proton interactions may be described by electrostatic terms. We supposed that accurate excited state theories are necessary to explain those excited states in which several interactions from different characters exist. To our knowledge, the electronic origin of the splitting of the Q-bands has not been studied in detail for free-base porphyrins and phthalocyanines beyond the four-orbital model. This study explicitly shows the limitation of orbital models for studying electronic excitations and interpreting the UV-vis spectra even for qualitative understanding purposes.
II. COMPUTATIONAL DETAILS
The molecular geometries were optimized by the Becke three-parameter exchange and Lee-Yang-Parr correlation 22 ͑B3LYP͒ DFT calculation with the 6-31G
‫ء‬ basis set. 23 During the optimization, the geometry was constrained to the D 2h point group symmetry. The optimized structures have no negative vibrational frequencies; therefore the planar D 2h structure is a local minimum. The molecular structure and coordinates in this study are shown in Fig. 1 ; the protonated pyrroles are put on the x-direction and the others are put on the y-direction. The SAC/SAC-CI calculations were performed with the latest direct SAC-CI program 24 combined with the GAUSSIAN development version. 25 The D95 basis set 26 was used, except where noted otherwise. The 1s electrons of C and N atoms were excluded for the SAC and SAC-CI calculations as the frozen-core approximation. The perturbation-selection technique was used for the SAC/SAC-CI calculation: the double excitation operators whose second-order contribution to the energy is less than the given threshold are neglected. 13 The selection thresholds for the ground and the excited states were 2.0ϫ 10 −7 and 2.0ϫ 10 −8 , respectively; they are the limits of the present computer resource. The number of basis functions, active molecular orbitals ͑MOs͒, and selected SAC/SAC-CI dimensions are summarized in Table I .
For the present calculations, SAC-CI eigenvectors and eigenvalues were calculated by an iterative method using CIS results as initial guesses; therefore, the present results contain only the states of single electron excitation with respect to the closed-shell configuration. Low-lying double electron excited states may exist, which have main configurations of two-electron excitation from the closed-shell Hartree-Fock state such as the 1 1 A 1g state of trans polyenes 27 and polyacens. 28 Such states are optically forbidden and not important for UV-vis spectra. Although such dark states may be important for applications to electronic materials and molecular devices, 29 we do not discuss them in the present paper.
To compare with the SAC/SAC-CI results, we also performed the CIS, CIS͑D͒ ͑Ref. 30͒, and TDDFT calculations using the same computational conditions as those of the SAC/SAC-CI. For the TDDFT calculations, we used the B3LYP functional. We also performed BLYP and LC-BLYP calculations to investigate the effect of the long-range correction that could be significant for → ‫ء‬ excitations of large systems. 21 The CIS and CIS͑D͒ calculations were performed using GAUSSIAN09 ͑Ref. 31͒ and the TDDFT calculations were performed using the GAMESS program. 32 In this paper, we will discuss excitation energies using eV unit although experimental spectra have been reported in nm because it is convenient to discuss the accuracy of different systems on the energy scale rather than the wavelength scale. In this study we consider only singlet excited states; therefore, the notation of spin states will be omitted throughout this paper.
III. MOLECULAR ORBITALS
We analyzed the valence -orbitals into the orbitals of its constituent ring compounds, pyrroles, or isoindole congeners, for the purpose of explaining the characteristics of these orbitals, and elucidating the orbital correlations between the target TAP derivatives. The nodal structures of the -orbitals of pyrrole and isoindole congeners are illustrated in Fig. 2 . These molecules have C 2v point group symmetry and thus the -orbitals belong to the b 1 or a 2 representations. The a 2 orbitals are antisymmetric for the x-z plane including nitrogen atom. We numbered the -orbitals by the orbital energy order from the lowest orbital. The highest energy orbitals in Fig. 2 of each molecule are unoccupied. 
IV. UV-VISIBLE SPECTRA
The SAC-CI results of H 2 TAP, H 2 Pc, H 2 Nc, and H 2 Ac are summarized in Tables III and IV , respectively, where the main configurations of the SAC-CI wave functions, excitation energies, and oscillator strengths are shown with the experimental excitation energies. We show the peak-top positions of the UV-vis absorption spectrum and MCD signals with their signs. The comparisons of the absorption spectrum and SAC-CI results are shown in Fig. 8 where vertical lines show the SAC-CI results. In Fig. 8 , we converted the horizontal axis of the spectra of Ref. 16 into the energy scale from wavelengths. The absorption and MCD spectra in Ref. 16 were measured in pyridine solution for the TAP compounds with tert-butyl groups at their periphery positions. The present calculations did not include tert-butyl groups and solvent effect. A computational method for MCD rotational strengths using the SAC-CI wave function has not been implemented yet. Therefore, we do not discuss the sign of the MCD signals.
Porphyrins with D 2h point group symmetry in the coordinates of Fig. 1 have optically allowed → ‫ء‬ excitations of B 2u and B 3u representations whose directions of dipole transition are the y-and x-axes, respectively. The optically allowed n → ‫ء‬ transitions have B 1u representation. Optically forbidden states were also calculated. They may be unnecessary for assignment of spectra; however, they may play a role for other properties and can be important for molecular design. 16 and without 33 tert-butyl groups. One can confirm that the effect of tert-butyl groups is negligible. The experimental absorptions of the Q-bands were observed at 2.00 and 2.25 eV; they showed positive and negative MCD signals of the Faraday B-terms. The shoulder of the B-band was observed at around 3.5 eV. A small negative absorption was also observed in this region by MCD. The peak top of the B-band was 3.71 eV in the absorption spectrum. The MCD spectrum showed the pseudo-Faraday A-terms ͑closely lying Faraday B-terms of opposite sign͒ at 3.60 and 3.91 eV of, respectively, negative and positive signals. For H 2 TAP, 18 states were calculated with excitation energies lower than 4.5 eV using the SAC-CI method; they include six optically allowed → ‫ء‬ states. The 1B 3u and 1B 2u states obviously correspond to the Q x -and Q y -bands. The next absorption at around 3.5 eV may be assigned to the 2B 3u state. Then, the MCD peaks at 3.60 and 3.91 eV have to be assigned to the 2B 2u and 3B 2u states, respectively. According to this assignment, the calculated excitation energies of B 2u states were overestimated by approximately 0.3 eV in comparison with experiment. This deviation seems to be too large for the purpose of providing a reliable assignment. We additionally performed the SAC-CI calculation using the D95 ͑d,p͒ basis set 26 where the selection thresholds for the ground and excited states were 1.0ϫ 10 −7 and 1.0ϫ 10 −8 , respectively. By this calculation with polarization functions, we intended to show that the discrepancy of the calculation with the D95 basis can be improved by using better computational conditions. Considering probable errors arising from the lack of polarization functions, we can accept the qualitative discussion based on the calculation using the D95 basis because calculations with polarization functions are impossible for larger porphyrins.
A. H 2 TAP
The results of SAC-CI with polarization functions are also shown in Table III . The polarization functions did not affect the relative order of the B 3u and B 2u states; therefore, the qualitative assignment of absorption and MCD spectra can be accepted without polarization functions. The polarization functions particularly improved the excitation energies of the B 2u states. According to the calculation with polarization functions, the Q-bands observed at 2.00 and 2.25 eV are assigned to the 1B 3u and 1B 2u states, calculated at 1.93 and 2.34 eV, respectively. The shoulder of the B-band observed around 3.5 eV is the 2B 3u state calculated at 3.45 eV. The main peaks of the B-band observed at 3.60 and 3.91 eV correspond to the 2B 2u and 3B 2u states calculated at 3.71 and 4.09 eV, respectively. The deviation between the experiment and SAC-CI calculation was reduced to about 0.1 eV by using the polarization functions.
B. H 2 Pc
Q-bands were observed at 1.78 and 1.87 eV in the absorption spectrum in solution. 16 The orbital characters where ͑x͒ and ͑y͒ denote -orbitals of pyrrole derivatives on the x-and y-axes, respectively, and N͑meso͒ and N͑py͒ denote the nitrogen of the mesoposition and pyrrole derivatives, respectively.
effect of tert-butyl groups is negligible, the solvent effect on the Q y -band is considerable. The peak maximum of the B-band in solution was observed at 3.60 eV. Components of a broad B-band were observed at 3.5, 3.65, and 3.9 eV in the vapor-phase experiment. Pseudo-Faraday A-terms were observed at 3.44 and 3.78 eV by MCD spectroscopy. Other MCD signals were not identified between the 3.44 eV peak and the Q-bands. The SAC-CI results are summarized in Table IV . Using the SAC-CI method, 21 states were calculated with excitation energies less than 4.5 eV. Among them eight states were optically allowed → ‫ء‬ excitations and two states were optically allowed n → ‫ء‬ excitations. The 1B 3u and 1B 2u states are obviously Q-bands. The SAC-CI results well reproduced the excitation energies of the vapor-phase experiment. The next observed peak was the shoulder of the B-band of 3.5 eV observed in the vapor-phase experiment. This would correspond to the negative MCD peak at 3.44 eV. This absorption may be assigned to the 2B 3u state calculated at 3.47 eV. The other component of the pseudo-Faraday A-terms of the B-band was observed at 3.78 eV with a positive sign. This may correspond to the components of the B-band at 3.65 or 3.9 eV in the vapor-phase experiment. This absorption may be assigned to the 2B 2u state calculated at 3.94 eV. The next calculated → ‫ء‬ state was the 3B 3u state at 4.07 eV. This state may correspond to the peak observed at 3.9 eV in the vapor phase.
If we adopt these assignments, the present SAC-CI calculation well reproduced the experimental excitation energies. The agreement between the calculation and experiment was better than that of H 2 TAP. If we consider probable error of about 0.4 eV for this computational condition, it is possible to suggest another assignment as follows. The negative MCD term observed at 3.44 eV is broad and therefore we assume this peak is composed of two optically allowed states. Then the 2B 3u and 2B 2u states can be assigned to this peak. The remaining positive MCD term observed at 3.78 eV may be assigned to the 3B 3u state. To confirm the assignment in the B-band region of H 2 Pc, we need to perform better computations.
C. H 2 Nc
A single Q-band was observed at 1.58 eV in the absorption spectrum in solution. For this peak, the pseudo-Faraday A-terms of the energy at 1.56 and 1.59 eV were observed by MCD. The splitting of the Q-bands becomes smaller than the resolution of the absorption spectra in solution. A shoulder on the B-band beginning from 2.5 eV was observed in the absorption spectrum. In this region, a weak negative peak and a clear positive peak were observed at around 2.4 and 2.78 eV by MCD. Two peaks located at 3.42 and 3.79 eV were observed in the B-band region in the absorption spectrum. For the B-bands, a negative peak at 3.37 eV with a shoulder at around 3.18 eV and a positive peak at 3.89 eV were obtained by MCD. The SAC-CI results are summarized in Table V . Using the SAC-CI method, 27 states were calculated with excitation energies less than 4.5 eV. Among them, ten states were optically allowed → ‫ء‬ excitations and two states were optically allowed n → ‫ء‬ excitations. The 1B 3u and 1B 2u states are obviously Q-bands. The SAC-CI results reasonably reproduced the experimental excitation energies, although the energy of the 1B 2u state was slightly overestimated. The splitting of the two Q-bands was thus slightly overestimated by the SAC-CI calculation.
For the B-band region, we simply assign optically allowed → ‫ء‬ states to MCD peaks according to the calculated energy sequence. The negative and positive peaks for the B-band shoulder observed at 2.4 and 2.78 eV were assigned to the 2B 2u and 2B 3u states, respectively, even though the deviations of the calculated excitation energies are large. The shoulder of the negative peak observed at 3.18 eV may be assigned to the 3B 2u or 3B 3u states calculated at 3.40 and 3.53 eV. The next negative peak observed at 3.37 eV may be the 4B 3u state calculated at 3.63 eV. The positive peak observed at 3.89 eV may be assigned to the 4B 2u and 5B 3u states calculated at 3.88 and 3.90 eV. In this region, errors of the calculation seem to be reasonable; they are about 0.3 eV or less. The reason is unclear for the relatively large deviations of the 2B 2u and 2B 3u states from experiment for this compound. To verify these assignments we need to calculate MCD rotational strengths with sufficient accuracy.
D. H 2 Ac
A single absorption at 1.44 eV was observed for the Q-bands of H 2 Ac, where the pseudo-Faraday A-terms of 1.42 and 1.45 eV were observed by MCD. Two small peaks at 2.19 and 2.52 eV were observed before the strong B-band at 3.52 eV and its shoulder at 3.06 eV. For the region between the Q-and B-bands, two positive signals at 2.19 and 2.42 eV and a negative signal at about 2.76 eV were observed by MCD. A strong negative MCD signal was observed at 3.03 eV, which would correspond to the shoulder in the absorption spectrum of 3.06 eV. Notably complex components were observed by MCD for the broad B-band whose absorption maximum was 3.52 eV. Positive signals were observed at 3.15 and 3.29 eV. Then negative and positive signals were observed at 3.44 and 3.59 eV, respectively.
The SAC-CI results are summarized in Table VI . Using the SAC-CI method, 38 states were calculated with excitation energies less than 4.5 eV. Among them, 17 states were optically allowed → ‫ء‬ excitations and two states were optically allowed n → ‫ء‬ excitations. The calculated excitation energies of the 1B 3u and 1B 2u states that correspond to Q-bands were 1.26 and 1.30 eV, respectively. The SAC-CI calculation underestimated the excitation energies by about 0.15 eV. The calculated splitting of these bands agrees well with the experimental findings.
For peaks other than Q-bands, we simply assign calculated states according to the energy order. For the energy region 2-3 eV, the 2B 2u , 3B 2u , and 3B 3u states are assigned to the MCD peaks of 2.19, 2.42, and 2.76 eV, respectively. The deviations between calculated and observed excitation energies are about 0.3-0.4 eV. They are not small, but the error is acceptable within the present computational conditions. For the B-band region, the 4B 3u , 4B 2u , 5B 3u , 6B 3u , and 5B 2u states may be assigned to the MCD peaks of 3.03, 3.15, 3.29, 3.44, and 3.59 eV, respectively. Under the assumption of this assignment, the deviations between calculated and observed excitation energies were about 0.25-0.4 eV.
V. RELATIONS BETWEEN MOLECULES

A. Overall trends of excitations
The number of valence -orbitals increases in accordance with the extension of the molecular size. Therefore, the larger molecules can have a larger number of electron transitions in the low-energy region than that of small molecules. This makes the spectra complicated. Here, we will discuss the correlations of excited states between the TAP derivatives based on the similarity of MO characters. This analysis will be helpful in understanding series properties of electron excitations for such -extended porphyrins.
The four-orbital model gives a basic understanding of electronic excitations of porphyrins; the model states that the Q-and B-bands are the electron transitions between the HOMO/next-HOMO and the LUMO/next-LUMO. 4 This explanation is significant as the principal approximation. For H 2 TAP, the Q-bands are the 1B 2u and 1B 3u states and the B-bands are the 2B 3u and 2B 2u states. Figure 9 shows the correspondence of these four states to those in other compounds. For these four compounds, the Q-bands are the 1B 2u and 1B 3u states, in which the orbital characters related to electron transition are similar between the series of compounds. The excitation energies of the Q-bands shift to low energy with the extension of molecular size and the energy difference between the 1B 2u and 1B 3u states becomes small. 2, 15, 16 Such behavior of Q-bands will be discussed in the next subsection. For H 2 Pc and H 2 Nc, 2B 3u is the state that corresponds to the 2B 3u state of H 2 TAP in terms of orbital character. The analogous states in H 2 Ac are the 4B 3u and 6B 3u states; they have complex main configurations, as shown in Table VI . Excitations from -orbitals other than the next-HOMO, namely, 10b 1u and 9b 1u orbitals, significantly contributed to these states. The states that correspond to the 2B 2u state of H 2 TAP in terms of orbital character are, respectively, the 2B 2u and 4B 2u for H 2 Pc and H 2 Nc. The analogous states of H 2 Ac are the 5B 2u and 6B 2u that also involved contributions from -orbitals other than the next-HOMO. As shown in Table VI , these states also had complex main configurations. The correspondence of the states between H 2 TAP and H 2 Ac in the B-band region is not so good because → ‫ء‬ excitations other than the four orbitals mix to them. In comparison with the Q-bands, the energy shifts with the extension of molecular size are small for the B-bands. In H 2 Ac, there are calculated states that do not correspond to low-lying excited states of H 2 TAP because the number of valence -electrons is different. For H 2 Ac, the 2B 2u and 2B 3u are the optically allowed states that have low excitation energies next to the Q-bands. They are the electron transition from HOMO to the unoccupied orbitals over the next-LUMO. The states with similar character of electron transition are the 3B 2u and 3B 3u for H 2 Nc. The calculated excitation energies are 3.40 and 3.53 eV; they are about 0.8 eV higher than those of H 2 Ac. The corresponding states were not obtained by the SAC-CI calculations within the present energy range for H 2 Pc and H 2 TAP.
The next optically allowed transitions for H 2 Ac are the 3B 2u and 3B 3u states. They are the transitions from the 7a u orbital to the LUMO and next-LUMO. These states relate to the Q-bands but their orbital characters are different. The isosurfaces of the 7a u and 8a u orbitals are shown in Fig. 6 . The HOMO 8a u orbital has a large electron distribution around porphin, while the 7a u orbital has a large electron distribution in the anthracene groups. The LUMO and next-LUMO have a distribution mainly around porphin. Consequently, the 3B 2u and 3B 3u states, transitions from the 7a u to the LUMO/next-LUMO, have the character of intramolecular charge transfer from the peripheral anthracene groups to the central porphin part. The corresponding states for H 2 Nc are the 2B 2u and 4B 3u states and those for H 2 Pc are the 4B 2u and 4B 3u states. The excitation energies for these states shift to higher energy in accordance with the reduction in molecular size.
In the UV-vis spectrum of H 2 Ac, absorptions are observed in the region between the Q-and B-bands around 2-3 eV. The 2B 2u , 2B 3u , 3B 2u , and 3B 3u states, discussed above, correspond to these absorptions by the SAC-CI calculations. In the absorption spectrum of H 2 Nc, the corresponding absorptions shift to the higher energy region covered by the B-bands. Such relations are shown in Fig. 9 . The energies of these states strongly depend on the molecular size.
The lowest optically forbidden states are the 1B 2g and 1B 3g for H 2 TAP; they are n → ‫ء‬ transitions. For the other molecules, the 1B 2g and 1B 3g states have the same character as those of H 2 TAP. The excitation energies of 1B 2g states are 3.5-3.6 eV for these molecules; they are approximately constant among these molecules. The excitation energies of the 1B 3g states shift to lower energy in accordance with the extension of molecular size; however, the shift is small.
For H 2 Ac, the 1B 1g and 2B 1g states are calculated at 2.31 and 2.63 eV. They are the excitation from the 8a u ͑HOMO͒ to the 12b 1u and 13b 1u orbitals, respectively. The orbital distributions of the 12b 1u and 13b 1u are quite different. As shown in Fig. 6 , the 12b 1u orbital extends along the x-direction, while the 13b 1u orbital extends along the y-direction. The corresponding states for H 2 Nc are the 1B 1g and 3B 1g states, respectively, whose excitation energies are 3.04 and 3.50 eV. The excitation energies rose in H 2 Nc; additionally, the energy difference between these two states increased. For H 2 Pc, the x-direction 2B 1g state was calculated at 4.29 eV; however, the corresponding state for the y-direction did not exist in the energy region of the present calculations. Even though they are optically forbidden, they are quite interesting states because of their significantly different electronic distribution in the same irreducible representation. We suppose a possibility of these states working as a molecular switch that controls an electric current. A single molecular switch of H 2 Nc has already been reported.
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B. Q-bands
The characteristics of absorption of the Q-bands and MCD spectra have been pointed out in Ref. 16 ; here, we discuss the Q-bands calculated with the SAC-CI method. The observed absorption coefficients of the Q-bands increase in the order H 2 TAP, H 2 Pc, and H 2 Nc. The coefficients of H 2 Ac were slightly smaller than those of H 2 Nc. The oscillator strengths of the Q-bands calculated using SAC-CI increase in the same manner as the experimental findings, although the calculated oscillator strengths of H 2 Ac are slightly larger than those of H 2 Nc.
The Q-band shifts to lower energy in accordance with extension of the systems, but the energy shifts decrease with increasing molecular size. If we take the center of two Q-bands, the energy shift between H 2 TAP and H 2 Pc, that between H 2 Pc and H 2 Nc, and that between H 2 Nc and H 2 Ac are 0.30, 0.25, and 0.14 eV, respectively, from the absorption spectra in solution. This characteristic of redshifts can be simply explained by the orbital energy levels of the HOMO, LUMO, and next-LUMO; they are illustrated in Fig. 7 . By the four-orbital model, Q-bands are described by the transition between HOMO and LUMO and that between HOMO and next-LUMO. The orbital energies of the HOMO increase in accordance with the extension of the systems, but the increment is suppressed in larger systems. This trend agrees well with the energy shifts of the Q-bands and is clearly understood by Fig. 7 ; as has already been pointed out. 16, 18 The SAC-CI calculations reproduced the lower energy shift; however, the calculated shift values did not monotonically decrease with increasing molecular size. From the SAC-CI calculations, the energy shifts between H 2 TAP and H 2 Pc, between H 2 Pc and H 2 Nc, and between H 2 Nc and H 2 Ac are 0.36, 0.38, and 0.31 eV, respectively. The shift between H 2 Pc and H 2 Nc is the largest, which contradicts the experimental findings. We assume this discrepancy is attributed to the perturbation-selection used in the SAC-CI calculations. In larger systems, contributions of some important double excitations may be divided into small contributions and be dispersed over the molecule because of the extension of MOs. Therefore, one should use tighter thresholds for larger molecules to collect such diluted contributions; however, the current computer resources limited our calculations.
The splitting of the Q-bands decreases in accordance with the extension of the systems; the split Q-band did not appear in the absorption spectra of H 2 Nc and H 2 Ac. This trend was reproduced by the SAC-CI calculations. Moreover, we found that this characteristic was not explained by a simple orbital model because the energy differences between the LUMO and next-LUMO are not proportional to the splitting of the Q-bands. This point will be discussed in the next section. 
VI. Q BAND SPLITTING: COMPARISON WITH OTHER METHODS
The redshifts of the Q-bands can be explained by the orbital energy level of the HOMO, while the splitting of the Q-bands cannot be explained by the orbital energy levels of the LUMO and next-LUMO. To study this point further we performed calculations of excitation energies of the Q-bands using CIS, CIS͑D͒, and TDDFT methods. The results are shown in Table VII with the experimental excitation energies obtained by MCD.
By the CIS calculations, in which electron correlation is not considered, the 1B 3u state had a lower energy than 1B 2u The lowest order of electron correlation can be considered by the CIS͑D͒ method for electronic excitations, where the second-order many-body perturbation is used for the ground and the CIS excited sates. By the CIS͑D͒ calculations, the 1B 3u states had a lower energy than the 1B 2u states for all these TAP compounds. This indicates that the electron correlations in the B 3u and B 2u states are significantly different. For all of these molecules, the differences between CIS and CIS͑D͒ were about 0.2 and 0.5 eV in the B 3u and B 2u states, respectively. The calculated excitation energies by CIS͑D͒ were higher than those of the CIS calculations; therefore, the agreement with experiment was not improved by using the CIS͑D͒ method. This discrepancy may be attributed to the unbalanced treatment of electron correlations in the ground and excited states. The observed trend that the splitting of Q-bands decreases with the extension of the molecules was reproduced by the CIS͑D͒ calculation. The splitting values of the Q-bands are similar to those obtained by the SAC-CI calculations; therefore, the relative energies for the B 2u and B 3u states can be well described by the CIS͑D͒ method.
These results clearly show that the dynamic correlation that is considered by second-order many-body perturbation theory is essential to describe the relative energies of the B 2u and B 3u states and to explain the splitting values of the Q-bands of free-base porphyrins. The differences between the B 2u and B 3u states in the free-base molecules originate from the inner hydrogens; therefore, proper descriptions of both protonated nitrogens and nitrogen lone pairs are necessary to explain these differences. The interaction between the protonated nitrogens may be considered as an interaction of the polar N-H bonds. Then, the electrostatic component may be dominant. The interaction between lone pairs would be significantly affected by the electron correlation because there are important electron-electron interactions in a relatively small region. Consequently, the competition of these effects would decrease the splitting of the Q-bands. To understand the origin of such properties we require a detailed analysis of the wave function, including electron correlation effects. Such an analysis beyond the MO level may be associated with natural orbitals of the SAC-CI wave functions; this will appear in our future work.
Nowadays TDDFT calculations are widely applied to study of excited electronic states of large molecules. Thus we performed TDDFT calculations for the excitation energies of Q-bands for these molecules. The results are shown in Table  VII . The excitation energies calculated by B3LYP were lower than those of the CIS results. The differences from the CIS results became larger in the larger molecules; the differences were about 0.1 eV for H 2 TAP and were about 0.3 eV for H 2 Ac. The differences from the CIS were about 0.05 eV larger in the B 3u than in the B 2u state. Comparing with experiment, the B3LYP calculation overestimated the excitation energies of the Q-bands by about 0.4 eV and by about 0.2 eV in H 2 TAP and H 2 Ac, respectively. For the splitting of the Q-bands, the trend of the B3LYP results was similar to the trend of the CIS calculation; the Q-bands were hardly split in H 2 Pc and the split width was the largest in H 2 Ac. This trend is inconsistent with the experimental findings. We also performed pure DFT, BLYP calculations. The calculated excitation energies were about 0.1-0.2 eV lower than those of the B3LYP calculations. For the splitting of the Q-bands, the trend was basically the same as with the B3LYP results. Our results agreed with the previous DFT study in which PBE0 functions with the TZVP basis were used. 19 The importance of the LC for TDDFT has been shown in the application to large -systems; 21 therefore, we performed the TDDFT calculation with the LC-BLYP functional. The LC decreased the excitation energies of H 2 TAP and increased the excitation energies of H 2 Nc and H 2 Ac. The correction with H 2 Pc was very small. Consequently, the LC-BLYP calculation well reproduced experimental excitation energies of H 2 TAP. For H 2 Pc, the LC-BLYP calculation agreed well with the experiment, even though the value of the splitting of the Q-bands was underestimated. For H 2 Nc and H 2 Ac, the LC-BLYP calculations tended to overestimate the excitation energies in comparison with H 2 TAP and H 2 Pc. The size of the splitting in the Q-bands for H 2 Ac was larger than that for H 2 Pc. From this behavior, we may conclude that LC-BLYP cannot reproduce the experimental trend for the splitting in the Q-bands, although the LC significantly improves the excitation energies.
The mean absolute errors ͑MAEs͒ from the experimental value are shown in Table VII. Although the energy order of the B 3u and B 2u states for H 2 Nc and H 2 Ac is different between the TDDFT and wave function methods, we simply assigned the calculated lower energy state to the observed lower energy one to calculate MAEs. The MAE of excitation energies by the SAC-CI calculations is smaller than the other methods, but the MAE of the energy differences is not so small mainly due to the error from H 2 TAP.
Only a limited number of ab initio calculations have been reported on this series of molecules. There are only the PBE0/TZVP calculations for H 2 Nc and H 2 Ac. 19 CASSCF, 36 CASPT2, 36 and DFT/MRCI ͑Ref. 37͒ calculations have been reported for H 2 Pc. These results are summarized in Table  VIII . The PBE0/TZVP results are similar to our B3LYP/D95 results; therefore, the functional and basis set dependences would be minor for the excitation energies of the Q-bands. The CASSCF and CASPT2 results support the importance of dynamic electron correlation. The absolute excitation energies by CASSCF overshot the experimental values because of the very small active-space. The energy differences between the B 2u and B 3u states were similar to the CIS result. The energy difference was significantly improved by including dynamic electron correlation by PT2. Consequently, we conclude that dynamic electron correlation in excited states is essential for a proper description of the splitting of the Q-bands and the difference between the B 2u and B 3u states. That seems to be not completely considered by TDDFT. We also note that the many-body perturbation scheme, the socalled GW/BSE method, improved the TDDFT calculation of the splitting in the Q-bands of free-base porphin. 38 This result supports our findings. What we have to consider for correcting this discrepancy in TDDFT is still unclear, but correlated wave function methods for excited states, such as the SAC-CI and CIS͑D͒, will be helpful for the investigating this problem.
Finally we discuss solvent effects. The experimental spectra of Fig. 4 were measured in pyridine. The deprotonation tendency in solution would reduce the Q-band splitting of free-base compounds. The vapor phase spectrum is available only for H 2 Pc and the solvent effect decreases the Q-band splitting of H 2 Pc. The spectrum of H 2 Pc in THF solution has been reported in Ref. 15 . The excitation energies in THF and in pyridine are almost the same. Freyer et al. studied the solvent effects on several free-base tetraazaporphyrines. 39 They noted that the solvent influences the splitting behavior in comparison with the gas phase spectra; however, the influence of solvent polarity on the Q-band splitting is small. Indeed, only single Q-band has been observed for H 2 Nc in benzene. 39 The feature that the splitting of Q-bands decreases with increasing molecular size would be intrinsic for these molecules and would not be influenced by solvent effect.
VII. CONCLUSIONS
In this paper, we studied the excited states and UV-vis spectra of H 2 TAP, H 2 Pc, H 2 Nc, and H 2 Ac using the SAC-CI method. We calculated the states in the Q-and B-band re- gions for excitation energies less than 4.5 eV. We calculated not only optically allowed states but also optically forbidden states in that region. The results of the present SAC-CI calculations consistently assigned the peaks observed by UV-vis and MCD spectroscopy to the optically allowed → ‫ء‬ transitions. The deviations between the calculations and experiment were about 0.3-0.4 eV when using the double-zeta basis sets. The results of SAC-CI calculations can be improved by using better basis sets and the present discussion and conclusion are limited within the double-zeta basis level.
The correlations of excited states between these four compounds were studied. The excited states corresponding to the Q-bands shift to lower energy with extension of the molecular size; while the excitation energies of the B-band states did not significantly depend on the molecular size. Such trends agree well with the experimental findings. In the larger molecules, transitions between other than the fourorbitals were obtained in the lower energy region. For H 2 Ac, in particular, several states were calculated between the Qand B-bands. The corresponding peaks have been observed by UV-vis and MCD spectroscopy.
The excitation energies of the Q-bands become smaller in accordance with the extension of the molecular size. This trend can be explained by the orbital energy levels of the HOMO. The degree of the Q-band shifts is suppressed for larger molecules. The findings are also explained by the orbital energies.
For free-base compounds, split Q-bands are observed because of the reduction from D 4h symmetry. For these TAP derivatives, the splitting of the Q-bands decreases with the extension of molecular size. This trend could be reproduced by the SAC-CI calculations; however, orbital energy levels could not explain this phenomenon. The CIS calculation did not agree with the observed trend of the splitting of the Q-bands. This trend could be explained by considering dynamic electron correlation by the CIS͑D͒ or SAC-CI methods. The present results show the importance of electron correlation in excited states for an appropriate description of the Q-bands, or the difference between the B 2u and B 3u states of free-base compounds.
Standard TDDFT calculations could not reproduce this trend of the splitting of the Q-bands. The TDDFT results were similar to the CIS results. The long-range correction significantly improved the excitation energies of the Q-bands of these compounds; however, the effect was not enough to reproduce the experimental trend of the splitting of the Q-bands. 
